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FOREWORD

"Synoptic Analysis and Forecasting of Surface Currents" as reproduced
herein is an edited version of the paper distributed previously in limited
quantity as Fleet Numerical Weather Facility Technical Note No. 9.

This publication presents operational techniques for the analysis and
forecasting of surface water currents from synoptic data. The difficult fore-
cast problem has been reduced to manageable proportions by treating the total
current as several distinct components at different time and space scales, and
by describing the individual prediction relationships in terms of basic con-
siderations and procedures.
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INTRODUCTION

In navigation, fisheries and other sciences connected with the sea, it is
often necessary to forecast or hindcast the direction and speed of surface cur-
rents at a specified time and place. Past attempts at current prediction have
had only moderate success. It can be argued that progress on the quantitative
vmderst-indi-ng end prediction of currents heas been hampered by a tendency to
consider ocean currents to be a-alogous to wind cuwrents in the atmosphere.
Actually, it appears that ocean currents are affected by an even greater num-
ber of factors, and that different techniques may be required for successful
prediction. This summary attempts to avoid past shortcomings by treating the
total current in terms of a number of components. The existing quantitative
knowledge of cause-effect relations of these components is first reviLwed, and
procedures are suggested for computation of currents in different Lime and
space Scale'.

A summary of techniques for surface current prediction has been distilled
from a voluminous literature search. Emphasis will be put on the basic consid-
erations and procedures rather than attempting a mathematical reformulation of
the problem. The theoretical treatises on large scale (oceanic to global) cur-
rent depiction will not be discussed here; gooA reference, to thes- wnrks can
be Tiund in textbooks and other summaries (e.g., Robinson [95] ). Descriptions
of some of the major ocean currents can be found in books by Stomol [109], and
Reid (94]

This suznnary has been built upon an earlier draft by one of the authors;
however, it has been extensively revised on the basis of recent experiences
in analysis and forecasting of surface currents and their verification at the
U. S. Fleet Numerical Weather Facility. -

i
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1. GENERAL NATURE AND VARIABILITY OF SURFACE CURRENTS;
PRESENT STAGE OF KNOWLEDGE AND PREDICTABILITY

The literature on ocean currents contains a number of seemingly contra-
dictory descriptions and theories. Many of the controversies rise fro the
differences which are observed in current behavior (both in space and time).
These observed differences result in most cases from the various combinations
of driving or influencing forces which prevail. For this reason, it is be-
lieved that ocean currents can best be understood and characterized by de-
scribing their space/timn. variability through study of their principal com-
ponents.

Currents are typically unsteady in direction and speed (even in cases
where the tida1 components are subtracted and where the local winds vary lit-
tie). This unsteadiness is well documented in the literature. Stommel [107],
for example, Investigated the surface currents off Bermuda, using drifting
wireless-telemetering buoys. He found that there was considerable irreg-
ularity in current speed and direction, even during days when the wind was
fairly steady. He calls this irregular motion, after Ekman, a kind of "macro-
turbulence." Knauss (56] , using neutrally buoyant floats, also found "erratic"
motion In deeper water below the thermocline (300 to 2140 m.). Reid [94] noted
that short-period variations in the strergth of the California Current have
been observed of the same order as the strength of the flow (5-15 am./sec.).
The reasons fo- this variability have been sought in the condition that there
are several other forces besides wind and tides which, independent of each
other, affect the surface currents simultaneously. These are: (a) the "per-
manent flow" (either thermohallne or wind-driven large-scale circulation);
(b) the changes of atmospheric pressure; (n-) mass transport by waves; (d)
internal waves; (e) the "modifying forces" (coriolis force, configuration
of the bottom and coast, permanent and inertia currents); and (f) the periodic
tidal currents. In addition, the conditions in neighboring areas (piling up,
differences gradivzts in driving forces, etc.) affect surface currents in a
given area and c&use various eddies (both macro and meso scale) as well as con-
vergences and divergences.

Various approaches have been used in the past for prognostication of sur-

face currents, but actual synoptic eaalyse3 and forecasts have been very lim-
ited (with the exception of tidal currents).

In this manual an attempt is made to present thuse facts sifted from the
literature and from personal observation which have application in analysis
and forecasting of surface currents. The various components of these currents

Sare evaluated separately. Suggestions are given for using these facts under
field conditions, and results of large scale, synoptic current calculations by
electronic computer are shown. In short, this manual does not pretend to be a
complete sumary on ocean currents as such but is primarily aimed at opera-
tional current analysis and prediction on a synoptic time scale.

Cliwatologie-_a surfar-t- current charts are widely used for the estimation
of current drift. These charts, constructed from data on ships' drifts, are
available for nearly all ocean areas. Their accuracy and usefulness have,
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however, severe limitations. The data presentet. in clirrent atlases are usef\,l
as a rough estimate of the actual current at a given time and pl.ace. The i-ý-
ports upon which these atlases are based were obtained from ships* logbooks
P•n- nre nothing more than the difference between dead-reckoning fixes (from

ship's speed and direction) and navigational fixes (astronomical, Loran, visu-
al1, etc. ).

Hela [38] found that if the current displacement determined by astronomical
fix is less than 2 nautical miles per 24 hours, the value In an atlas is en-
tirely unreliable. In most cases, little weight can be given to displacements
of 5 nautical miles or less per 24 hours. James [511 came to an analogous
conclusion; namely, that the surface current charts can be considered reliable
and accurate as mean values if there are at least 5.observations from 3,600
square nautical miles and the drift is more than 5 miles per 24 hours. There
Is obviously a real need for synoptic current charts, particularly in offshore
areas (the data in some coastal waters are more reliable).

Numerous detailed current measurements taken with meters of various types
are now available for limited areas. These have been useful in building up
our knowledge and theories on surface currents. Most of these measurements
have been made relatively near the coast, and coastal and tidal effects limit
their use for drawing conclusions on offshore currents. Many of the current.
measurement series are also too short for proper evaluation. Measurements of -4
actual surface currents offshore are extremely difficult to make. Detailed
discussion on current measurement and various meters used can be found in ex-
cellent summaries by Wiegel and Johnson [125] and Paquette [88].

Several theoretical discussions of surface currents in the oceans are - -

also available. Most of the theoretical models are concerned with large scale
circulation and fall, thereforet outside the scope of the present manual. The
reader is r.:ý,-,,d to suwnaries on large scale circulation in the ocean by
Stomnel [108], Bowden [10] and Robinson [95] . Theoretical background and some
descriptive material on currents can be found in textbooks such as Defant [20],
Sverdrup, Johnson and Fleming [Iili, Proudman [91], Stommel [109] and the "Bibli-
ography on Waves, Currents and Swell" by the American Meterological Society [1].

It has bee.i customary to treat currents according to either Lagrange's
approach (following the path of a given fluid particle) or Euler's approach
(describing flow characteristics at a given point). Neither of these is fol-
lowed consistently in this manual. In most cases, current is considered as the
flow of water with a defined average speed and direction in a given time inter-
val (synoptic period). However, a distinction is sometimes made between "mean
current" -- which is considered as a current set with given average speed and
direction in a time interval greater than the synoptic period -- and "actual
current" -- which is considered the current set (with average direction
and speed) in a given spot and time (time interval being 24 hours or shorter).

Although the present stage of knowledge on ocean currents is not perfect,
the available material permits the initiation of synoptic analyses and fore-
casts. These analyses and forecasts are required as inputs in other synoptic
oceanographic analyses and forecasts as well as for direct application per •.e



Although the variability of currents is considerable, attempts sholtld be
made to evaluate quantitatively the causes of these variatlons. This caz- best
be done tUkrough foreeesting and daily verification, Forecasts have little
value if they cannot be verified by actual synoptic analyses. Due to recent
developments in other fields of oceanographic analysis and prediction, loth di-
rect and indlr,'.t verification are now possible (see chapter 5). Through these
verifications additional knowledge is gained and existing ideas refined. It
is to be expected that the approaches described in this mini&l will undergo
considerable modificai~lon in the future.
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2. EVALUATiON OF' ItE ('OMPONENTS OF SU1RFA(C (EURRENT,

The speed and direction of the surface curr-int at it given point, time
and depth below the surface (e.g., at a depth of 3 m.) " can be i-epAnct--d
aa the resultant of the following components:

pI
where:

GI - permanent flow (gradient current and/or "characteristic current");
W, - wind current (lately often erroneously called the "Ekman current"');
' ý;. - mass transport velocity by %aves;
Pi - periodic portion of inertia current;
Pt w periodic portion of tidal current;
A, - current cawwed by changes of mtmos)heric pressure and sea level;
I - the velocity and directional component, caused by influencing fac-

tors, such as changing depth of water, coriolls force and coast and
current boundaries.

The direction and speed are considered to be specified for all components.
The present quantitatlve knowledge of these constituent components, applicable
to current predictions, will be evaluated separately in the following pars.-
graphs.

2.1 [)ermatiew 1,1oLv

Permanent flow is directly related to pressure gradients in the sea which
usually result from density differences of surface water columns between differ-
ent locations ("thermohallne circulation"). The permanent flow is mainteined
by the great per'mnent and relativels- constant wind systems ("wind-driven cir-

41 culation") which ceuse piling up of water masses and changes in sea level, re-
, 1ýsuiting in pressure gradients. It is believed by some investigators that the

permanent flow is in most areas an "inertia function" due to prevailing winds
and is therefore frequently referred to as the "characteristic current"
(Palmen b[]7).

For any synoptic analysis and forecast of actual surface currents it is
necessary to separate the relatively persistent, slowly changing (Carruthers
[1131 and Carruthers, Lawford and Veley[I [i') permanent iow. from other cc -
nents of surface currents which may vary hourly and daily and which should be
predicted using the direct, synoptic influence of their driving forces.

In subjective forecasting (small-area), the permanent flow should usually
be estimated using separation methods and then be added to other components
computed and/or estimated by the synoptic consideration of their driving forces.
In large scale numerical (objective) forecasts the permanent flow can be cam-S puted.; however, "separated" permanent flow should also be usqd to verify th,,se
cc•mputati o.s.

The basic method for separatlon of permanmit flow has been developed and
tested by Palmen [871 and gela 1371. They took the currents associated with a
certain wind velocity, grouped them according to the directions of the winds

...............
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and currents and computed the resultant currents for each direction (see for- IC
mulas for wind current in section 2.2). The permanent flow was obtained by
subtracting the computed current from the measured current. This method of
separating out tht' permanent flow vields in most cases the so-called "charac-
teristic current," thus indicating that the total surface currents are mainly

i wind-driven.

In areas where the data on average monthly surface currents are not avail-
able or are unreliable because of too few observations, it is necessary to ap-f
proximate the permanent ±low using other information such as sea level data,
hydrographic (oceanographic) station data and observed winds.

Formulas have been derived for computation of currents from a pair of hby- i ,•

drographic stations (utilizing tne difference In the dynamic heights at thestations) and for computation of gradient flow in a a, surface.

The formula of Sandstrom and Helland-Hansen for computation of a friction-
less, stationary, relative current component cross the section between two
stations is" 10

W, -sin ( B) (2)

(symbuls, see appendix). The computation of AD (the dynamic height anomaly)
from hydrographic data is described in H. 0. Pub. 607 (U.S. Navy, Hydrographic
Office [117] ). The relati-ve current is positive (directed away from the read-
er) if station A lies to the right of B and if ADA is greater than ADB

Equatios (2) cannot be used in Its basic form for computations of gradsencurrents in shallow water. However', Oroen [32] has described an approximate ••
method for estimating slopes and currents in shallow water. tie replased the
solid earth by a fictitious section ec) which the density distribution
kwas determapine of d tng theight ntoograpy ti e eat lines along every horizontal ("
(or isobaric) line equal to the value projected horizontally fxf the bottg q
sline. The lines were sten extended fre m he actual water into the flgt.tic,_.1

ximter by reference to these inclinations.tc w

Although the original hydrodynmic approach, equation (2), was developed+'

for use between two quasi-synoptic hydrographic stations, its use has been
widened (but its limitations often neglected). a-t

Mapping of dynami height topography in relation to a reference level (e.g., l
1000 m.% )is assumed to give a gone&-&I picture of circulation if enough quasi-

Isynoptic h•,drographic stations are available fron the area (see fig. 2.1) Ap-
proximateors current speeds are obtained by measuring, the d.ists.nces between con- .+'•

Montgomery [78] concluded that a logical method of deducir,& oceanic flow.patterns (permanent flow) from temperatur-e, salinity &&dc oxygen observations ,,
is to chart these properties for a surface of constant potential density. His
expression for the &radient flow in ( A surface is:

37 AHg (3
sin, (3
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where Hg (the g,.•ostrophic potential) 1s:

The following just criticisms havc bccn raised conccrning the application
of equations (2) and (3):

(a) The requirement that the stations ir the section are quasi-synoptic
is seldom fulfilled.

(b) The computation of AD requires an assumption of a "level or layer
of no motion," which might exist but, at best, is difficult to assess correct-
ly (several theoretical approaches for estimation of this layer exist, e.g.,
Defant [20]). This layer is generally assumed to be between 500 and 2000
meters. The results obtained from equation (2) also depend upon the spacing of
stations.

(c) The equation cannot be used near the equator. (A review of the calcula-
tion of ocean currents at the equator has been made by Arthur [3]).

Some of the gradient currents, such as the equation counter-current in
the central Pacific, are remarkably predictable in latitude and general physi-
cz.1 nharacteristics (Austin, Stroup and Rinkel [41 ). However, in most areas
dynamical calculations with equations (2) give only a rough idea of the cur-
rents. Saelen[98]has made extensive comparison 9f geostrophic, computed and
measured currents in the Norwegian Sea. Often he found only a qualitative
agreement. Saelen (op. cit.) furthermore found that the conception of the
circulation of surface and deep waters in the Norwegian Sea as a slow and regular
drift does not hold, and currents at all levels vary rapidly over short periods
-of time.

As hydrographic stations are seldom synoptic, tidal fluctuations may lead
to considerable errors in distribution of dynamic heights. Defant [19] has of-
fered a method for elimination of "tidal" errors by preparation of dynamic
charts for basins with simple tidal circulations, and Zaitsev [138] suggested
a modification of this method for seas with complex tidal circulation, utiliz-
ing the co-tidal and co-range lines with coastal tidal data. For these cor-
rections the following data are needed: (a) hydrographic station data; (b) co-
tidal chart (usually theoretically computed M 2 component) of the area where
co-range lines are indicated; (c) tidal curve for the period of the hydrograhic
stations from one of the closest unsheltered representative coastal tide-gauge
stations (reference station). The suggested correction procedure for an indi-
vidual station is -- "The actual station time is noted on the tidal amplitude
curve of the reference station. The co-tidal difference between the hydrograph-

* ic station and the reference station is estimated from the co-tidal chart, and
the time difference is transferred to the amplitude curve of the reference sta-
tion (either to the right or left of the noted actual station time). From this

* point the tidal amplitude is read from the reference station curve. This umpli-
tude is corrected with the ratio of amplitude differences between reference sta-
tion and hydrographic station, and the resultant sarplitude is used to correct
the actual sampling depths --. " This method does not account for internal tidal
effects, which are thought to be considerable (Fjeldstad [26)) but have not yet
been evaluated quantitatively.

!I



Worthington [1291 found that dynamlc computations of the Gulf Stream, using
closely spaced stations, indicate that the cross-current slope of t.e Isobaric
surfaces is uneven, resultig -•erretlica.lly in three or fcar waes of hiG ve.
locity separated by zonep cif rclp-Lively lower velocity, He tuggested that the
unevenness of the 4lopes of thi, isobaric ,-fiano is related to the surface tem- "
perature d&isontinuities observed In the Gulf Stream by von Ar. rnd Richardason
(1953), and that the stream •s omwposed of overlappIng, discontinuous currentib
at all levels, If this •uggestica ib correct, it wouldl b- virtt,2ly impossible
to determ!ne a "level of np yo~i&" and aply hydrodrvnamical methods to estimf.-
tion of currents in this r;icn. (see also fig. •.

In view of Vihe )Amimations described so far in this ehper, it becomes
obvious that the convet.tional hyiraeynanical e-yroach i- unsuitable for numer- "
ical synoptic analyses a.A forcas.ting of th&e permwenent flow. The main dre-.,
backs are the fol'lowing:

(a) The dynamic methoc galvoyea e, quaelitatalve picture of 'the 'urrrn'S,
which can vary considerably over shor" parod s.

(b) It is nearly impossible to obtain synoptic density dAistribution.r the
only good approximation must come 'rrw synoptic thermal structure mnmlyses.

(c) The dynamic computations give thE- T-otal current, but only tbe perme-
nent flow component is desired, since other components seem to be more •aily
attacked by data on their driving forces.

It is therefore suggested thst the beet approacvh for nunericsJ. snoepti. ., .
computation of permanent flow is to compute It frcaa syrroptic therrwniW calima..
tological salinity structure (tuned -it-h. appropriate constantl) bazon on epa - 2r '
tion data at a numberz of. localities. Such an approach 13 in use ac. the FKet

OM

200

-- 50

.2N6000 .

100" - . . . .- - -- • ._ / .- , _ .•

RE. LEVEL -

6000 I 5 50& N
Figure 2.2 Distribution of Current Velocity (cm/:ec) Between Cape Farvel and Flemish Cape

in Latc Winter 1958. Positive Values Give Current to E or SE and Negative Values -
(gray areas) Give Current to W or NW. (Dynamical Computations; after Koslowski,
[581 modified) ----- -.------~-----------.------------.--.--.------- _I
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Numerical Weather Facility (Hubert [43]). Indirec, support for this approachcan be found in a few specific studies: Yasui [131] found that there is a closie

correlation between the distribution of temperature below the thermocline axid
dynamic depth anomalies. He constructed a simple empirical relationship by
plotting temperatures versus computed dynamic depth anomalies, thereby shorten-
ins the dynamic computations. This relation, once established for a given lo-
cation, has been assumed to be valid for a wider area.

Neglecting salinity, one can apply the well-known meteorological thermal
wind relationship in the ocean if one knows the mean temperature of the layer
betveen -the surface and some deeper level of slow current velocity (selected I
as a level with negligible annual temperature change). The characteristic sur-
face current is then given by:

W = T x IK (4)

where g is gravitational acceleration, f Is the coriolis parameter, T is the
mean temperature above the level of assumed zero current, Az is the depth to
zero current and 1K is the unit vertical vector.

The deteradnation of a representative mean temperature (T) is, of course,
a critical factor in this problem. The temperature structure of the ocean is
certainly not constant, particularly closer to the surface; therefore, synoptic
temperature fields should be used if possible. The only place where sufficient
data are available for reliable analysis on a daily baais is at the surface.
(Fleet Numerical Weather Facility Sea-Surface Temperature[SST]analyses.) In

-order to include a part of the deeper temperature structure, the SST field is
combined with a climatological field at 200 meters depth to obtain:

-K T.o + K, ~o().

Finally, this field can be modified empirically in areas where salinity
considerations are known to be important (Oyashio, Greenland, Labrador cur.
rents). This in effect corrects the ocean temperatures for salinity much as
the meteorologist corrects atmospheric temperatures for moisture content when
he uses the concept of "virtual temperature." The Justification of the use of
200 m. temperatures and details of the numerical methods are given in chapter 4.

So-me additional hydrodynamic approaches for estimation of currents from
sea level and/or interface slope aee given in sections 2.3 and 2.4. These
approaches are of use where synoptic sea level records are available.

2,2 Wind Currents and Mass Transport by Waves

The wind is one of the -In driving forces of surface currents, and many
current systens are mostly wind-driven. Wind is directly or indirectly one of
the main causes of temperature fluctuations in the sea and thus also affects
the permanent flow.

In numerous cases a simple linear relation between the wind and current
velocities has been found and/or used in the past. The current speed has been
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found to vary from 1.2% to 4% of surface wind speed. The., 1 evidence that the
factor decreases with increasing wind siee., an observation which has caused
some confusion and led to muc.. iiacussion concerning a possible "critical"
wind velocity. There is also some evidence that fetch length and wind duration
have an effect on wind-currents; however, these factors have not been properly
evaluated.

A simple relation can be used to approximate wind drift from climatologi-
.cal data (monthly resultant wind speeds):

W = K1V (6)

The factor K1 varies between 0.014 and 0.025. The value of 0.02 has been
founcL most appropriate for a rcugh estimation of the sam of average wind and
"wave" current in the surface layer (at about 3 m. depth). Although Thorade
(from Defant [20]) assumed K1 to be a function of latitude, there is no solid
theoretical reason or empirical evidence for this.

The formula of Witting [1271, based on more than 5000 observations, has been
generally found to present best the relation betueen the actual wind and act-
ual current velocities:

W = K2 .4V (7)

where W is current velocity (cm./sec.) and V is wind velocity (m./see.). The
factor K2 varies slightly with depth (see section 3.1). As an avbrage, the
value of 3.8 can be used if the mass transport by waves ("wave current") is
estimated separately and an average current speed of the mixed layer 1s re-
quired.(If mass transport by waves is included in this formula, the factor
Is between 4 and 5).

According to Ekmanls[251 theory, the direction of the wind current at the
surface is 415* to the right in the northern hemisphere, and the current speed
decreases with depth while the deflection becomes larger until, at a "depth of
frictional influence," the direction of the current Is opposite to that at the
surface. Although Eluan's theory has been useful In many instances, it has not
been verified in detail in the field. Ekman's theory cannot be applied to
practical situations, because the conditions under which the problem was solved "
do not exist in nature (Belinsky and Glagoleva, [8]).

Recent investigations Indicate that the wind current in offshore areas in .
middle latitudes deflects in general less than 20" to the right of the wind.
(Bowden, [19531 - 18e; Gaul [301 - 15*; Lisitzin [681 - 12"; Stommel [107] -20*;
see also Marmer [721 ). F'urthermore', it has been found that the current de-
flection depends also on the wind speed (Marmer [721]). Therefore the empirical
formula of Hels [371, derived for conditions in the Baltic Sea, merits further
testing in different latitudes and in the open ocean:

34 - 340- . 7,5 41 (8)

where P is the deflection in degrees to the right of the wind, and V is the
climatological mean wind speed (m./sec.).

__ !
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If the wind is weak, other current components can prevail, and the current
movement is "erratic" in relation to the wind. At lower wind velocities the
angle of deflection is somewhat larger, about 25* to 30* in higher latitudes,
but converges rapidly between wind speeds of 4 to 6 knots to about 200
(Shulekin ).

Tentatively, the following deflection angles are suggested for winds of
6 knots:

Latitude Deflection (degrees)

0- 10 0
10 - sO 5 -8
30 - 50 10- 18
50 - 70 20
70 - 90 25

With lower winds the deflection angle should be ircreased by 4' to 12".

Some observations of the behavior of surfýace currents in oceanic areas
indicate that the wind current is not always dettrmined by the wind prevail-
ing over a given location but rather by moving wins fields (and especially
by stronger winds) over a larger area creating a relatively complex picture.

The relation between sea level changes (caused by wind set-up) and cur-
rent has been rather extensively studied by Palmen and Lisitzin. Their rc-
sults might b- of use for estimation of currents. A formula, based on
Torricelli's theorem and extensively tested by Lisitzin (e.g., [691), is:

AHW 8.2 VI (9)- d(

-The static effects of the atmospheric pressure differences must be eliminated
beforehand; the slope of the surface (AHl) is given in cm. per 100 km.,wind
(V) in m./sec. and depth of water (d) in a.

Mass transport by waves has been quantitatively accounted for in very few
earlier surface current hindcasting or forecasting attempts but has been
indirectly (and even unconsciously) included in empirical wind current formu-
las. This inclusion is advisable also in the future because existing uncer-
"tainties in quantitative evaluations do not justify a separate computation.
in certain cases, especially in nearshore problems (e.g., longshore currents
and currents in reef channels, etc.), it is necessary to account separately
for mass transport by waves and for particle velocities in waves at different
depths below the surface.

Some laboratory experiments on the mass transport by waves and their
theoretical treatment are available in the literature (e.g., Masch[731;
Longuet-Higgins [701). Unfortunately, laboratory experiments in wave tanks
(for the investigation of mass transport) do not reproduce conixtions found
in nature. The transport is quite different in the beginning of the experi-
iment when the wave generator is started (forward transport on the surface
only). After a relatively short time, a circulation, determined by the tank
boundaries, is established in the wave tank (backward transport on the surface

I !f.' .. ..... .~....f ~.... -i-II A -Iif AlC' ~ IWI~;Iw s~,, ~ F~~I
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in the case of a mechanical wave generator, vice versa by "blower" generator,
forward transport at some Intermediate depth or on the bottom, depending on
the relations between the wave length and the depth of the water).

According to theory, Gerstner waves are trochoidal and without mass trans-
port velocity; Stokes waves, however, have a transport velocity (Lamb [631;
Pershin and Voznessensky (89] ; Sverdrup and Munk [112] ). A theoretical formula
for mass transport veloci'ry is usually given in the following form:

___ _, / -2n (10)

This :4)mu1& can be used with certaln asseuptions:
L1/ 3 " 50-r ,, 3s C .1.25LI/3 (11)"

Mesch [731 found that equation (10) gave values too small for mass transport
as compared to the results of laboratory experiments. He concluded that the
following equation(12) described the mass transport

w - 41?2 2 a. -±Z (12)
Lai 3  L/

The mass transport by waves decreases rapidly with depth, and the effect
on the drift of a ship depends on the ship's draft. There is, unfortunately,
no verification of the theoretical trewtment and laboratory measurements

hIrough observations at sea. In wave tanks, equation (12) accounted for both
wind current and mass transport by waves. Further tests of this equation in
the sea are necessary (see fig. 2.3).

0

......T= s8e=

Sao-1
10 IC I TI I I

~20

~40-

o .004 .008 .012 .016 .020

MASS TRANSPORT VELOCITY, U (ft./sea.)

Figure 2.3 Velocity of Mass Transport at Various Depths as a Function of Wave Period C
(from Beach Erosion.Board, 1942)

As the direction of mass transport is in most cases approximately the
same as the wind current component, and as mass transport is of importance onlyS close to the surface, practical surface current analyses and forecasts can me-

,••••"__- .. ... . ...
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count for this term by an empirical increase of the total effect.

2.3 Tidal and "Hlydraulic" Currents

A knowledge of tidal currents is of great importance for navigation in
coastal waters, especially in inlets. Therefore, predictions of tidal currents
are made for a number of important locations. The interpolation between the
prediction localities is, however, in many cases rather uncertain. Tid.al cur-
rent analysis and prediction for o!Cfslore waters have been greatly neglected,

and it has been generally assumed that tidal effects are weak over deep water.
Latest measurements, however, indicate tAat tidal currents can have consider-
able magnitude even in mid-ocean. For a 24-hour prediction the tidal currents
might be neglected in most cases. However, An detailed interpolation of the3e
forecast3, the tidal currents must be accounted for. Some specific aspects of
tidal currents are pointed out below:

(a) The tidal currents are usually rotary offshore and reversing in coast-
al waters (see Hebard [361). The tidal ellipses get narrower when one approach-
es the coast.

(b) In the northern hemisphere the sense of' rolGation is usually, but not
always, dextral (clockwise).

(c) In general, the flooding current runs in the direction of the movement
of the tidal wave (the direction can be ascertained from a co-tidal line chart).

(d) The rising tide is not everywhere synonymous with the flooding current,
and falling tide does not necessarily mean ebbing Qurrent.

(e) High tide does not necessarily mean strong current, and a strong cur-
rent may accompany a small tide. It is, therefore, always necessary to dis-
tinguish clearly between tide and tidal currents. The relations between the
--two are not simple and not the same in all locst.ions.

(f) The behavior of tidal currents of rtherwise similar tides is affected
by the difference in location of amphidromir. points of different constituents.

(g) Semidiurnal tide-producing forcej cause prooortional changes in tides
and currents, but daily forc" affect th-. current only half as much as the tides.

(h) The ebb usually lasts longer than the flood in coastal waters. How
this can apply to rotary or nearly rotary currents offshore is aot known.

(i) Some recent recordings of tidal currents in offshore waters indicate
that the 14-day periodicity is a very prominent feature. (Mossby, personal
communication.) This 14-day periodicity has been pointed out by Laevaatu [60]
in the fluctuations of thermocline depths as well as in fluctuations of sea
level.

(J) The topography of the coastal area influences the tidal currents con-
S" siderably (see, e.g., Neumann (83]) causing eddy formation behind headlands and

in bays (Laevastu, Avery and Cox (61]).
(k) The tidal current ellipses are narrow and the currents strong in chan-

nels and on submarine slopes.
. (1) The tidal current turns sobner in shallow water (close to the coast)

than farther offshore.

An example of the behavior of tidal currents in relation to the tidal ele-
vation curve in the Hawaiian Islands area is shown on figure 2.4.

SIn view of the description of tidal currents above, it can be concluded
I
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that the only sufficiently accurate method for prediction of tidal currents in
coastal waters is to record the tidal currents at a number of points along the
coast for at letat 25 hours (preferably 15 to 29 days), to analyze the changes
of directions and speeds in relation to tidal elevation curves and thei make
predictions on the basis of these analyses, (See relation between tidal ampli-
tude and currents, Mexmer [721.) The currents between points of observations
must be interpolated. The accuracy of this Interpolation usually increases
with decreasing distance between the points. If necessary and mcssible, other
current components should be subtracted during the analyses and not included

* in the prediction of the tidal components themselves. Such predictions (basdI
on empirical knowledge in a given location of the tidal currents in rulation
to tides) remain valid indefinitely.

At times harmonic analysis and prediction of currents can also be made.
This is usually a standard procedure for the preparation of tidal current
tables. The methods of harmonic analyses and prediction of tides witt tidal
currents are described in manuals such as U.S. Coast and Geodetic Survey
(Schureman 1I011 ), "Manual of Harmonic Analyses and Prediction of Tides" or in
Admiralty of U.K. (Suthons [1101) "Admiralty Tidal Handbook."

In coastal waters with complex coastal topography and in narrows, many
so-called "hydraulic effects" (differences in sea level) affect the tidal cur-
rents. The "hydraulic currents" in narrows are usually proportional to level
differences and can be computed and/or predicted if the level differences at
two locations and their changes with time are known. The "hydraulic currents"
are known to exist in large areas in large archipelagos. If detailed current a
predictions in such areas are needed, these "hydraulic currents" can be ac-
counted for with hydrodynamic computations, using sea level records. In field
conditions and for occasional predictions, short-cut methods (utilizing sea
level slope) have been used with success in the past.

If the atmospheric pressure were uniform and there were no "stationary"
piling up of waters by wind action along the coast, the sea surfkce col.ld be
considered as an isobaric surface, and the gradient equation might be used to
connect the inclination of the sea surface (tan i) to the surface current:

tan i - 2.wsin W (13)

In the northern hemisphere, in ýhe direction of the current, the isobaric sur-face would then 51ope upwr to the riat.

As shown by Sandstrom (1903), (from Hela [391), there must exist, roughly,
the following relationship between the transversal slope of the sea surface (i)
and the mean current spetd (W)

B.
In this formula, AH, is the transversal height difference, and Be is the

breadth of the current. Hela [371 found the following empirical relation be- 4
tween the water height difference in cross currents and current speed in the

oil

N• .41
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Strait of Florida:

AHt 0 .01-52W 2  (15)

where Allt iii it- ura. &ýAn 11' ir nautica-1 mi~les per day.
According to Torricellits theorefu the current speed can b.lso be related to

the longitudinal height difference (Hela [371 )

Magmes qutinrefers t the inlnto fthe interface (pycilocline)
in relation to currents:

tan y = 2- --~(1 1  ~

In a steady equilibrium state, the slope of the interaal boumdaxry surface
in a two-layered sea will be greater then that of rhe physical1 sea level in
tht ratio:

p1  ( 2 P) (18)

The Interface slope (i) should theni be given by:

W sin(20)

The robemsof redctin o tial urrntsin ffsorewaters should be
susepibl t nuerqalatackutlizngstrictly hyrdnai pproaches.

suggested below (this approach requires verification). "il"poed~ei $
cou f beurete aprxm t dl l a eo cite y orpineshot tef fo;,ureats (nofshr e wxa t~eors
coul bapreq xiredathel ialcune veoity c hornet ofeamcurreast i (fIohrexape watrs

trawling purposes) using the tidal manuals for coastal are"As and the: co-tid.da
and co-range charts. The suggested simple, very tentative procedure for ectima-
tion of tidal currents in offshore areas is as follows:

(a) Assume that the tidal wave in oftshore area is a progreslsive iwave,
whi ch means that maximume current velocities occur at the crest and trough of

tetidal amplitude curve for a given location, a~nd abouit heLl' of this velccity
results between these points (i.e., a 1:2 tidal ellipse).

jtfLO t hr fM ieadcoetcosa eeec t.
(b) Ascertain the stage of the tide and its amplitude in a givertn location

an tm rmtec-ialcato ,td1n lsetcatlrfrnesa
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tior along an open unprotected coast.
(c) Assume that the cuzrent is a function of depth

Wa

where Wt is the tidal current at the reference station, and h, is the depth
at any location. Multiply this result with the factor of -

-,A
where A, and A 2 are the tidal ranges at the location in question and at the
reference station respectively. (Assumption (c) is a very tentativ- one.)

.(d) Assume that at the tidal wave crest the current runs in the direc-
tion of the movement (progress) of the tidal wave (direction from co-tidal
chart), and Pt the trough it is opposite to the movement of the tidal wave
(i.e., into the direction from which the wave came). Assume -that the rota- 4tion of the current is clockwise.

1l atetec

It should be underlined that the above euggested procedure is largely hy-
pothetical and not sufficiently tested.

Earlier attempts with different theoretical procedures indicate that tht• t ,

computed and observed velocities of tidal currents do not agree well in the
open ocean. However, for a P4-hour prognostic current forecast for navigation,
the tidal currents could be ignored because the resultant tidal transport forthis period will be close to 0.

2.4 Inertia Currents and Other Current Components

When there is no apparent resultant force (except the deflecting force of

the earth's rotation) acting upon a quantity of water in a given locs-Aity, the
current is referred to as an inertia current. The primary force causing the
inertia is usually the past prevailing and/cr stronger winds in a given area,
sometimes at some distance.

The periodic changes of this inertia current follow the theory (period and
c~rcle of inertia), although the forecasting of the phase at a given time and
locality is nearly impossible at present.

The period .f inertia is:

= 2 r_ (21)7r
S2 w sin -

T is 12 hours at the pole3, 24 hours at 30* latitude and infinity at the equator,,

The radius of inertia is: I
W

2 siý
r - I
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Available investigations on inertia currents show that they affect the
speed of the permanent flow at the given locality by periodic fluctuation.
At present, no method exists for making a hindcast or forecast of these fluc-
tuations; however, large and fast inertia eddies are often observed (e.g.,
Defant [17], Barkley, personal communication). It might be possible in the
future to treat theoretically the inertia cf a surface current system (created.
for example, by a passing storm) and its response to new modifying forces
(winds) by utilizing known relations of the moments of inertia and kinetic
energy. It might also be possible to account for inertia currents (caused by
strong wind fields) in continuous subjective analyses of large areas when more
knowledge is accunulated from synoptic current analyses and forecasts and
their verification.

Theoretically, it can be expected that in the open ocean an atmospheric
pressure change will cause a wave in the pycnocline rather than a true sur-
face current. However, there must be scme current and mass transport connected
with this wave. No direct empirical evidence is available on the current com-
ponent caused by the change of atmospheric pressure. Recently, however, Donn
and McGuiness (23] have shown that under certain conditions there can be a cou-
pling of air pressure and ocean waves which can produce sea level oscillations
100 times greater than the barometric equilibrium wave. There is also the
possibility that these "atmospheric pressure waves" are coupled with the in-
erti& currents, especially when the inertia currents do not show dissipation
with time (Defant [17]).

Internal waves, with tidal periods, may cause intermittent currents in
the surface layers. The currents could be included in a prediction of tidal
currents when accurate tidal current prediction techniques are available for
offshore areas.

Some simple theoretical relations for the period and velocity of the prop-
agat.on of internal waves are available for use in checking the Importance of
these waves in respect to currents:

tP
P1  p2 1( 

3

h1  h

__ (24)

At present, no tested method exists for predicting current component
caused by the change of atmospheric pressure or by internal waves.

The current component caused by coriolis force does not appear in the for-
mulas given earlier. This is, however, not strictly iecessary, because the ra-

- tional formulas are approximations and are usually basad on experimental data
* which already indirectly include the coriolis component in the observations

used. There is an exception in inertia currents where, theoretically, the

• •,•.
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coriolis force is the only acting orce. Coriolis force is otherwise a modi-
fying factor and will be briefly c ,nsodered In thm- next chapter.
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3. EVALUATION OF MODIFYING FACTORS

The modifying factors of surface currents are here defined as the factors
which do not directly cause a current but affect its speed and direction both
in the horizontal and vertical. In addition, this chapter considers the change
of current speed with depth in general snd considers special relationships be-
tween surface and subsurface ("deep") currents.

3.1 Change of Current Velocity with Depth

Any current speed and direction change with depth may be related to inter-
nal friction, in connection with different currents in deeper water, bottom
friction or viscosity. The change of current with depth can also be related
to such features as density gradients with depth (stability), depth of the
mixed layer and interactions between Inertia and driving forces at the sur-

face. No exact model of current speed change with depth exists.

Ekman [25] derived a theory for the change of current speed and direction
with depth at the beginning of the century. ThIs theory was later modified by
Rossby and Montgomery, who related the deflection to latitude. Available mea-
surements show that Ekmsn's theoretical cc-sideration and the Possby-Montgomery
modification do not verify in the ocean, a fact recognized by Zkman himself.
However, no available measurement series permits construction of a generally
valid theoretical or empirical model of the current structure with depth, or a
direct ana.ysis of the factors involved, because of the shortness of the mea-
surement series, lack of secondary data and great variability of existing data
in space and time.

On the basis of theoretical considerations, the various components of sur-Sface currents differ considerably with depth. The pure tidal current should

have uniform motion from the surface down (except very close to the brettom).
The depth change of the wind current without friction should be a straight line
with only a slight decrease of speed with depth. In an inclined wind drift with
friction, the depth-speed graph Is a parabola. The depth chime of mass trans-
port by waves is exponential. The permanent flow can be considered to have
uniform speed with depth in the mixed layer but a relatively large speed gra-
dient at the pycnocline.

Available current measurement series indicate that the current velocity

change with depth in the surface mixed layer is variable in space and time.
The greatest changes with depth occur near the surface, near the bottom and at
the pycnocline. Some of these changes have been summarized by Stevenson [105]
His data have been utilized with the following assumptions and considerations
in the construction of figure 3.1: (a) it is assuned that wind currents reach
the depth of the thermocline; (b) the current speed falls to about 80% of its
surface value at about 3 m. above the bottom or above a sharp pycnocline (aver- I
age value of current at 3 meters from the surface being 100%). The upper
curved part of the depth-speed graph (fig. 3.1) is caused by mass transport by
waves.
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Figure 3.1 Approximate "Average" Change of Wind Current Speed with Depth in Shallow Water

(after Stevenson [105] ,modified)
3.1 Coastal and Bathy'metric Influences

The currents near the coast can be classified into two systems. (a) coast-
aal current systems, consisting of relatively uniform drift, approximately paral-
lel to the shore, composed , tidal, wind and gradient currents, and (b) near-
shore current systems, consisting of coast-ward currents at the surface ("wave
current"), a longshore current and seaward flow along the bottom and in the
current rips.

Tn, changing depth on the continental slope and shelf also influences cur-
rent speed ai-,5 direction. Fleming and Hagerty [28] found that, in general, the
currents have a tendincy to flow along depth contours where the depth changes

C. more suddenly rather than ollowing the configuration of the coastline. Usual-
ly the strong permanent currents flot, along the continental slope.

Currents flowing along the coast with a slight "offshore angle" cause up-
welling and intensive mixing off the slopes. Eddying and upwelling are also
caused by steady currents along the coast if the direction of the coast changes

4•: suddenly (see fig. 3.2). A complicated configuration of the coast also com-
plicates current patterns and requires detailed locaj evaluation. Islands in a
steady current cause eddies on the leeward side and modify the current pattern

L at a considerable distance from the coast. In semiclosed bay&, there is usually
"a "conformal current" along the coast, very similar to the currents observed in
lakes. The tidal currents are usually the dominant currents on the continental
slope. Upon these tidal currents there is a wind current component and near the
estuaries a haline gradient component cruned by runoff. True permanent flcwcan, in many cases, be neglected on the continental shelf.

4.[
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The near-shore current system is illustrated in figure 3.3. Longshore
currents can be approximately predicted along straight coasts (U.S. Navy Weath-
er Research Facility [118] ; Hunt [45]; Putnam, Munk and Traylor [92]. However,
on irrc-alar coasts, they depend on topography and are greatly influenced by
sand bars, channels, etc. Figure 3.4 gives a nomograph for predicting long-
shore current. This nomograph is valid only for straight, uniformly sloping
beaches with parallel contours.

* . Another formula has been proposed for prediction of longshore currents
* caused by mass transport by waves:

V - gmT sin 2 0b (25)

where V is longshore current velocity, g , acceleration of gravity, rn , beach
slope, T , wave period and 0b, breaker crest angle. No proper evaluation of
this formula has been made.

No methods exist for predicting longshore currents on irregular and
steep beaches. The local knowledge and experiences from similar locations and
conditions forms the basis for any attempt to forecast near-shore currents (tid-
al component excluded).

aRIP HEAD WAVE CURRENTS"

S/ ' • /AZONE
L LONGSHORE CURRENC---

SHORIE

Figure 3.3 Scheme of Nearshore Current System
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3.3 Current Boundaries, Eddies and [Deep Currents

The oceanic current boundaries and large-scale eddies associated with
these boundaries have been described by several investigators - Uda [114],
Fuglister and Worthington [29] and others. These current features mAust be
taken into conmideration in synoptic current analysis and prediction.

The types of uuxrent boundaries are: (a) dynamic (divergences or conver-
gences of more or less permanent current systems); (b) topographic (caused byS"the topogr-Aphy of the bottom or coast); and (c) combined eddy systeams The

most usual locations of the current boundaries are. (a) near meteorological
fronts; (b) on continental slopes; and (c) around islands, capes and banks
(local boundaries). Some minor surface convergences at continental slopes can
also be caused by internal waves. The b( andaries are frequently marked oy.Icurrent rips, accumulation of flotsam (surface slicks), modified waver, roar-
ing noises and fog. Usually there is also a change of water color at the
boundaries. The surface temperature gradient on the boundaries can be 0.50 -
2* per 10 miles but may be even larger for major currents. McLellan [74] de-
scribes temperature changes off Nova Scotia of 30 C. per meter of depth and
lateral changes of 1.5° C. per 100 meters.

Convergences of tidal current (tidal rips) can be rather extensive in
some areas. Such tidal rips are often described by seamen; one such descrip- I
tion taken from the Marine Observer (Vol. 27, No. 178, p. 203, 1957) is repro-
duced here:

"On the 7th of November 1956, between 0900-0930 S.M.T., the vessel sailed
-through a series of tide rips. These rips extended for about 10 miles on

either side of the vessel in a 058* - 238" direction and gradually got progres-
sively rougher, the final line having the appearance of a force 6 wind on the I
sea. Each line was about 100 yd. in width, with a 100 yd. stretch of smooth
water in between lines. On passing through the final rip, the vessel swung
100 to starboard. The rips sho. .d clearly on radar, and the P.P.I. screen had
"the appearance of P_ neatly ploughed field. There was no change in sea temper-ature. Air temperature 79" F., sea 800. Light variable winds. Position of
ship: 10 miles W. of Perlas Islands."

There exists a need for mapping the more permanent convergences and diver-

gences of the oceans, based on ships' logs and on synoptic computation of con-
vergences and divergencee of the current fields.

The hydrographic asnd especially the dynamic conditions at current bounda-
ries are usually rather complicated. Some graphical examples are given in fig-
ures 3.5 and 3.6.

The movement of current boundaries cannot be predicted subjectively at pre-
seat with any great accuracy, and only certain rules of thumb can be established
for estimation of their movements (Laevastu [601). However, recent numerical
synoptic an•ayses provide several approaches which indicate their positions and
gradients with considerable accuracy (Hubert, Slusser and Laevastu [443).

• .,, . • # ++, ., ., • . . . . . . . . + . . .. . .. . .. . . . . .. . . . . .. .
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E- F

SECTION E - F TEMPERATURE CHANGES WITH
DEPTH AT G ANO H

Figure 3.5 Scheme of Upwelling and Sinking and Resulting Subsurface Thermal Structure at a

Meandering Boundary

The current boundaries, espeejally convergences, are associated with mean-
derings and eddies whicn cause sinking and/or upwelling of deeper water (figs.
3.5 and 3.6). The greater the speed difference on both sides of the boundary
(and also the more irregular the bathymetry of the bottom) the more extensive
is the meandering. Many of the large-scale meanderers are stationary, due to
the topography of the continental slope. However their intensity seems to
fluctuate, depending on changes in driving forces.

There are also great eddy systems which are caused by winds (cyclones aro.
anti-cyclones). In general, the centers of cyclonic eddies (anti-clockwise)
are cold, and they are associated with upwelling in the center. The centers of
anti-cyclonic eddies are warm, and sinking occurs very slowly in the center. If
a cyclonic eddy is cut off from a cold water mass into a warmer one, slow sink-
ing takes places also in this eddy (fig. 3.7).

Several meteorologists and oceanographers, notably Palmen and Rosaby, heve
described the similarities between atmospheric and oceanic structural-dynamic
features. Newton [85] also found that oceanic and atmospheric eddies are compa-
rable in the sense that in each case the maximum subsidence of the cold mass
took place at about half the rate of horizontal flow of mass into the cold-weter
or cold-air tongue.

The currents in deeper layers of tho sea are not subjects of this summary.
However, some of their characteristics must be borne in mind when analyzing and
forecasting surface currents inasmuch as they influence each other. The deep
currents balance the "water budget" and bring to equilibrium the disturbances
of the surace layers. Therefore, the deep currents may often be opposite in
direction to those at the surface. The structure of deep currents with depth
can be complicated (as shown by recent measurements with neutrally buoyant,
floats). Furthermore, these measurements indicate that the deep currents are
relatively unsteady in direction and speed, contrary to earlier beliefs.

" I
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Figure 3.6 Structural Models of Convergences and Divergences
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The well-kuniown noriolis force as a mcdifying factor has no+. been mentioned
earlier; it it usually indirectly included in tile semi-empirical approw~he. of
current analybes and forecasting.
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4. OBJECTIVE 17OMPUTER METHOD FOR ANALYSIS
AND FORECASTING OF SRRFACE CURRENTS

The detail and accuracy of analyses and forecaats depend greatly on the
area and time scales used. This is true both for objective and subjective ap-
proaches. Small-scale analyses/predictions require one to program local know-
ledge of influencing factors as well as more detail of the driving forces. In
this chapter, we describe briefly the principles of hemispheric (or oceanwidA)
analysis and prediction of surface currents on a 12-hour synoptic schedule.

The computation of permanent current is made with equations(4) and(5) (sec-
tion 2.1). In recent progrims the average temperature between 0 and 200 meters
is found by integration,, using FNWF standard levels of subsurface temperature
analyses. As the analysis refers to surface currents, and as countercurrents
are kfl.7wTV to exist below the permanent pycnocline, there is no need to inte-
grate the temperature field below 200 m. level. Salinity corrections are added
on a seasonal basis.

The wind current component is computed with equation(7)and added to the
permanent flow. Integrated true surface winds are used.

According to Ekman [25] , the direction of the wind current at the surface
is 450 to the right of the wind in the northern hemisphere, and this angle in-
creases with depth. Recent investigations reveal that the deflection is more
nearly 12-20 degrees, being larger and more irregular at lower wind speeds
(possibly because of the increased importance of other components) and smaller
at higher wind speeds. As the surface wind is about the same angle to the left
of the geostrophic wind, it can be assumed that the direction of the wind cur-
rent is the direction of the geostrophic wind.

It is assumed that the current is relatively uni-form and unidirectional in
the turbulent mixed layer dcwn to the thermocline (cr aoout 200 meters). The
mass transport due to waves, however, modifies this picture as this effect de-
creases exponentially with depth (Masch [73] ). Therefore, if, in equation(7) V
is in m./sec. and W in cm./sec., K2 is taken to be 4.8 for surface currcr.t.
(ship routing and drift computations) and 3.2 for the average current down to
the thermociine (for convergence/divergence computations). 0bviously, there is
a time lag between the change of the wind and response of the sea. This lag
seems to be shorter than previously believed and is partially minimized by the
24-hour averaging of wind speed. (see further, chapter 6).

Since all computa%±nns are carried out in the standard Fleet Numerical
Weather Facility grid system, u aid v current components are determined at ap-
proximately 200 nautical mile intervals for all northern hemisphere ocean areas.
From these components, direction and total transport (nm./day) fields are deter-
mined and stored on magnetic tape for later output in chart form or as special
messages giving the currents at specified latitude/longitude Uintersections.
Some current trazsport charts are shown in figures 4.1 and 4.2.

The contours represent total current transport in nautical miles per day.
One can clearly Ztinguish such well-known features as the Gulf Stream,
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Labrador Current, Kuroshio and Cyashlo. The low-latitude, westerly return flow
(Equatorial current) which results primarily from the "wind component" term is
well-defined in bcoth the Atlantic and Pacific. A narrow equatorial countercur-
rent was obtained as a result of the 200 meter temperature structure used ia
the chauracteristic component.

"Lhe charts ere drawn automatically on an incremental x-y curve plotter.
Eaca chart requires approximately one minute to complete and is of sufficient
quality that it can be used Immediately for radio-facsimile transmission.

In order to obtain a single continuous field display of both direction
and speed of the computed currents, a stream function (0) analysis is made, us-
ing methods similar to those employed by Bedienit and Vederman [7], to present
atmospheric flow in the tropics. The vorticity of the current flow Is deter-
mined from the (u, v) component fields and the Poisson equation.

2 y __d_ (26)
Ox Oy

Is solved for ;& using relaxation techniques.

The stream functio" fields which correspond to the current transport charts
on figures 4.1 and 4.2 are shown in figures 4.3 and 4.4. If current vector, are
plotted on these charts, there is a very close correspondence, but slight cross
contour flow can be observed. This is natural because the derived streaw func-
tion is nondivergent, while there is divergence in the initial velocity field.
In general, the divergence is small in most placea, and the stream field pro-
vides a good representation of the current pattern.

It can rbe seen that the hemispheric grid size is too large to show details
In areas of strong currents. Detailed models are under development to remedy
this shortcoming in areas of relatively dense synoptic weather reports. Some
of these models will also include inertia effects anO tidal currents. The re-
sults of these numerical analyses/forecasts are used as iiiputs in a number of
9ther oceanographic analys es/forecasts.

I-
, •]lT,. ,, A.



-33-

o ,

In .

r

.1. 4

SURFACE CURREN4T SýTREAI FUNCTI N ON ~ .I 3MY1965.
OWpC-~~ AT GV ~40971; IATTUDo:j F lU11A WtA!Y FACILITY4

Fiue48SraeCretSram P*iietiuI On 12Z 23 May 19651



34 7

.. . ...

NN

OO 25-: MAYt~t 196S-'

*~~i .4 o4. .4

sygago A"CgU tWIO4 ATT ~ -HA 1PE
Cýý 0 1 Mo~n"E. u

Fiur 4.4 Sufc urnSra unto no 5My16



- 35 -

5. VERIFICATION OF SURFACE CURRENT ANALYSES

A synoptic current chart would be of little value if it could not be veri-
fied end the zomputational scheme tuned as required. Direct current measure-
ments in the open ocean are few, and drift calculations made from navigational
fixes are frequently Inaccurate in weak current areas, so that it is difficult.
make a direct evaluation. It has been necessary, therefore, to resort to in-
direct means which are susceptible to verification on a synoptic basis.

Sea-aurface temperature (SST) is the only oceanographic element whIch •per-
mits a reessonsbly complete synoptic analsis on a, hemispheric scale. Such ana~l-
yses are mad twice do13ly at Fleet Numerial Weather Facility, Monterey (Wolff
(1281), and their resolution is such that SST changes car. be determined for
periods of 24, 48 hours, etc. From these changes sre subtracted the local
changes computed frcm air/sea heat exchange equations. If thee rewinwlr ccz7-:-
lates well with the advvective change indicated by W-'yzt SST the computed
currents can be assumed to be reasonably correct.

Some experimental verification has been carried out at Fleet Numerical
Weather Facility, The results have been very encouraging. These first compu-
tations indicate that the advectional change of SST is, over major parts of the
ocean, < 0.1 C.(24h) . In oaly a few areas does the change rise above 0.30C./(24h) ;
higher values are confined to sharp boundaries of major currents. Samn din-
crepancles between analyzed and computed quantities have also been ascertained,
these have led to plans of shortening the SST analysis period to decrease the
apparent lag. Both SST advection and heat exchange will be used in SST fore-
casts. Furthermore, 100 rautical miles and smaller mesh lengths will be used
in the future for current analyses to make thus directly compatible to the 83T
analyses which are made on a 100 nautical mile grid.

AN



6. THE RESPONSE TIME OF SURFACE LAYERS TO TRANSFER
OF MECHANICAL ENERGY

As the surface layer (which ie set in motion by wind) has considerable
inertia, it can be expected that the response of the s, to t he change of driv-
ing force is gradual, and that there ij a time lag b~tween the change of wind
speed and direction "!r 16he response of the, surface current to tnis change.
A lag also a_-sAAs in the time for gxv• of a fally arisen see in relation to

fetch length and duration of the wind. The available data do not allow an ex-
act numerical evaluation of the res;.onse time but only a qualitative analysis.
These data indicate that the response time for currents varies with the wind
speed (especially with the ratio between previous and new wnactu4lind speed),
the depth of the water, distance from and configuration of the ioast. Krause
(personal comunimcation) has also found a rapid response in the relatively shal-
low Kiel Bight.

A few additional observations from areas with slow permanent flow indicate
that the comrjete response time with moderate winds is about tnree hours. With
strong winds and in areas of strong currents, the response is gradual, and the /

establishment of a steady state takes a longer time (up to 12 hours).

It should be underlined here that the current direction and speed in a
given position in the open ocean might not be directly determined by winds pre-
vailing at this position but by stronger, ;-rhaps mare persistent and larger
wind fields acme distance away from the giv&i position.

Haener (33] offers the lo.,owlng empirical formula for estimation of com-
plete response time "9 shallow water.

Fetch iength (kin)
Response time (h) - F e pth len ate (km )

Vrg x depth of wate, (m)

This formula would merit testing in deep water, if we assume the depth to be the

depth of the surface mixed layer.

It can be expected that verification attempts with numerical analyses/fore-
casts will shed more quantitative light on the response time.
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7. USE OF CURRENT FORECASTS IN NAVAL PROBLEMS;

NAVIGATION AND FISHERIES

The anslysis and forecasting of surface currents on a synoptic schedule
were initiated at Fleet NumericRl Weather Facility primarily because of their
importance in the following problems:

(a) uantitative computation of divergence and convergence and the accom-
panying up and down movement of thermocline depth;

(b) Computation of the decay of transients whe're one of the prime factorsis currenat;
(p) Forecasting the advective part or sea surface temperature chAnges;

of strong currents.

Current analyses end foreceasts also have other applications. At present,
navigators use in~formation on monthly average currents available in atlases
and information on tidal currents given on sea charts,in tidal current tables
and in pilot books. In many instances, however, it seems to be economically
profitable to use prognoses of actual currents, especially in sea and weather
routing of ships. This is now being done empirically and indirectly.

At present, allowance in seldom made in the routing practice for drift
caused by currents, mid, therefore, some inaccuracies might be experienced. In
ship routing practice, the resultant of wind currents and permanent flow could
be used. The influence of "wave currents" could also be considered as one or
two separate factors: (a) involuntary speed reduction and (b) resistance by
wave currents. Direct use of information on currents is made in rescue opera-
tions, in estimations of drifts of polluted or otherWise contaminated waters
and in the estlmation of ice flow.

-I

In slmost all types of fisheries work there is a need to know the actual
currents and to adjust fishing operations accordingly. The need for and the
use of currents in fisheries has been asmmsrized by Hela an.d Laevastu [40]
Current boundaries are extremely important to fisheries. At divergences the
deeper, nutrient-rich water Is brought Into the surfa'!e layers where it causes
a higher production of organic matter and an aggregation of fish; convergences
cause (dynamically) a concentration of zooplankton and are accompanied also by
a concentration of fish. Pictorially, one can say that there is an accumula-
tion of everything from plankton to fishermen on e convergence.

Numerical programs for analysis and prediction of current and water type
boundaries at the surface are under development and testing at FNWF. These

Past knowledge of actual surface currents has been shaky indeed; this fact
has prevented their effective economical use in navigation and fisheries work,
The development of good, synoptic analyses and forecasts of ocean currents would
benefit many.

II

.ji.|
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APPENDIX

SYMBOLS AND UNITS USED

A Amplitude of the tide

A, Current component caused by the change of atmospheric pressure
I

B Breadth of current

C Wave speed

AD Dynamic height diffe~rence (in dynamic cm.)

d Deptýh of water

f Corioiis parmueter

G, Permanent flow (gradlent current thermohaline and/or characteristic
current large-scale, wind-driven )

g Acceleration of gravity

All reostrophic potential ((3 - • Ph)

AHe Longitudinal height difference (of sea level)

AH, Trandversal height difference (of sea level)

AH Slope of sea surface (cm./lO0 kin.)

H Wave height (usually significant height)

hi Thickness of top layer

h 2 Thickness of lower (bottom layer)

I Velocity and directional component of surface current caused by influ-
encing factors

i InclinatJ on of the sea surface

K1 K2 Constant, factor

IK Unit vector

L I /3 Wave length

Distance between stations;
1 Distance in nautical miles;

Length of basin

A-1



m Beach slope

p Pressure

P, Periodic portI•-- 0of inertia current

P, Periodic portion of tidal current

r Radius of inertia

T Wave period

T Mean ",!mperature above zero current

T Period of inertia
P

T81  Sea-surface temperature

Li Period of internal waves

V Wind speed (m./sec.)

VI Velocity of internal waves

W Current speevO

We Wind current i
We Longitudinal veloc.ty of current j

W Mass transport velocity ("wave current") I

Wptz Velocity of surface current, with given direction (place, time and depth
of the a--tual current being specified)

W,; W,.Relative currei.t speeds in two differunt layers

,x Friction constant (bottom friction; 0.0025 - 0.3 usually taken 0.3) (
Az Depth of zero current

Specific volume anomaly (constant along O7 surface)

sin. Slope of the bottomn

9 Ar.cnaly of dynamic height

,8 Deflection of the wind current (in )

tan y Downward inclination of the pycnocline

A-2 S. . , .... .I

4i
: ' T ' "r " " ' r r ( • r . ( . .. . . . . .• " 1



95 Average geographical latitude

0b Breaker crest an e

o Angular velcxity f the earth (7.29 10 rad./sec.)

PIP 2 Densities of twro I ers (of top and lower layers)

Ap Density difference a n erface

r Shearing stress of wind

a• Sea water denisity temperature

SStream function

Ai

A-3
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